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Abstract 
Based on literature kinetic data, it is shown that the photochemical transformation of cycloxydim 
(CXD) in surface waters would mainly occur by direct photolysis. Reaction of CXD with 1O2 and 
with the triplet states of chromophoric dissolved organic matter would only account for a small 
fraction (≤ 2%) of total phototransformation. The second-order reaction rate constant between CXD 
and •OH is not known. However, estimates based on data analysis with the APEX software and on 
diffusion-control kinetics in water indicate that •OH would account for less than 10% of CXD 
phototransformation. The photochemical half-life time of CXD in mid-latitude summertime would 
vary in the day-month range, depending on water chemistry and depth. Transformation would be 
favoured in shallow waters with low dissolved organic carbon.  
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Introduction 
 
Cycloxydim (2-[1-(ethoxyimino)butyl]-3-hydroxy-5-(tetrahydro-2H-thiopyran-3-yl)-2-cyclohexen-
1-one, hereafter CXD) is a cyclohexanedione oxime herbicide. It is used against a variety of weeds 
(EFSA, 2010) and it can reach the tens ng L−1 level in groundwater (Silva et al., 2006). 
Similarly to other cyclohexanedione oxime herbicides (Falb et al., 1990; Sevilla-Morán et al., 
2008 and 2010a,b; Sandìn-Españaet al., 2013), CXD can undergo both direct and indirect photolysis 
under sunlight. Monadjemi et al. (2012) have determined the CXD reaction rate constants with 1O2 
((1.0±0.2)⋅107 M−1 s−1) and with the triplet state of phenalenone ((9.6±1.0)⋅106 M−1 s−1). Coherently 
with previous works (Canonica et al., 2006 and 2008), the latter rate constant can be taken as 
representative of the reactivity between CXD and the triplet states of chromophoric dissolved 
organic matter (3CDOM*). Moreover, the quantum yield of CXD direct photolysis has been 
recently determined as (1.7±0.3)⋅10−2 in aqueous solution (Monadjemi et al., in press). These data 
allow the modelling of the transformation kinetics of CXD upon direct photolysis and reaction with 
1O2 and 3CDOM*, by use of an approach that was recently developed and validated (Maddigapu et 
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al., 2011; Vione et al., 2011; DeLaurentiis et al., 2012). In analogy with the vast majority of organic 
compounds (Buxton et al., 1988), CXD should react with •OH but the reaction rate constant is, 
unfortunately, not known.  
In this short communication the expected photochemical persistence of CXD in surface waters 
is assessed and the possible importance of the unknown •OH pathway is discussed, exploiting the 
model ability to address photochemical pathways with unknown kinetics. In addition to providing 
important data about CXD environmental persistence (still poorly known at the moment), this work 
gives insight into the potential of the model: (i) to assess the photochemical persistence of 
compounds, for which photoreactivity data are reported in the literature, and (ii) to fill up 
knowledge gaps by advanced data analysis, when some of the needed data are not available (e.g. the 
reaction rate constant with •OH). 
 
The APEX software 
 
APEX (Aqueous Photochemistry of Environmentally-occurring Xenobiotics) is a software 
application that has been derived from the photochemical model described above. APEX is 
available for free download at http://chimica.campusnet.unito.it/do/didattica.pl/Quest?corso=7a3d 
(click on the current year; the downloaded files include the User’s Guide that contains a 
comprehensive account of the model equations). APEX is based on the free software Octave 
(http://sourceforge.net/projects/octave/files/Octave%20Windows%20binaries/). In this work the 
Plotgraph function of APEX was extensively used, which generates 3D plots of several quantities 
(for a total of 36 output options), including half-life times and transformation rate constants of 
pollutants. They can be plotted as a function of water chemistry and depth parameters (or of 
photolysis quantum yields and second-order reaction rate constants, if unknown). To account for the 
day-night cycle in outdoor conditions, the time unit of APEX is a standard summer sunny day 
(SSD), which corresponds to fair-weather 15 July at mid latitude. Within APEX, radiation 
absorption by mixtures of absorbers is calculated at each wavelength by a Lambert-Beer approach. 
To assess the second-order reaction rate constant with •OH that would produce the same CXD 
degradation kinetics as the direct photolysis, the original code was modified as reported in the 
Supplementary Material (hereafter SM). In this way, it was possible to have the Plotgraph function 
plot the required second-order •OH rate constant as a function of water chemistry and depth. A 
further issue is the fact that sunlight does not penetrate vertically into surface waters, although 
refraction at the air-water interface deviates the light path towards the vertical. This issue can be 
taken into account by the relationship 21 )sin(1 znld −−= , where d is the depth of the water 
column, l the path length of sunlight in water, n = 1.34 the refraction index of water, and z the solar 
zenith angle. On 15 July at mid latitude, one has d = 0.93 l at the solar noon and d = 0.83 l at ± 3 h 
from noon, which is a reasonable daily average. Further information is reported in the User’s Guide 
of APEX. The results of APEX apply to well-mixed waters, such as the epilimnion of deep lakes. 
For this reason, photochemical modelling was not extended to column depth values above 10 m. 
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Results and Discussion 
 
The modelling of CXD photochemical transformation in surface waters was based on the reported 
values of the second-order reaction rate constants with 1O2 and 3CDOM* ((1.0±0.2)⋅107 M−1 s−1 and 
(9.6±1.0)⋅106 M−1 s−1, respectively), on the direct photolysis quantum yield ((1.7±0.3)⋅10−2) and on 
the reported absorption spectrum of CXD in water (Monadjemi et al., 2012; Monadjemi et al., in 
press). Therefore, the calculated phototransformation kinetics is the sum of direct photolysis and 
reaction with 1O2 and 3CDOM*. Figure 1a shows the half-life time of CXD (t½ = ln 2 k−1, units of 
SSD, where k is the overall first-order transformation rate constant of CXD), as a function of DOC 
(dissolved organic carbon, which measures DOM, dissolved organic matter) and of the path length l 
of sunlight in water (remember that the water column depth is 21 )sin(1 znld −−= ≈ 0.83 l). Other 
water parameters (nitrate, nitrite, carbonate and bicarbonate) are relevant to •OH and, therefore, 
they are not discussed at this stage. 
From Figure 1a and its source data (which can be obtained as a .csv file with the Savetable 
function of APEX) one gets that t½ varies from less than one day (for l < 0.5 m and DOC < 1 mg C 
L−1) to 1-2 months. Note that laboratory data gave estimates for the CXD half-life time upon direct 
photolysis (one day or less; EFSA, 2010), which only agree with the low-l and low-DOC range of 
our model output. This is not surprising, because laboratory experiments (often carried out in ultra-
pure water) use very short water column depths and cannot reproduce the actual environmental 
conditions. On the one side the agreement provides evidence for the validity of the present model 
approach, which is based on reaction rate constants and photolysis quantum yields. On the other 
hand, conclusions based only on laboratory results could lead to a large overestimation of CXD 
phototransformation rates in surface waters, unless direct photolysis quantum yields and reaction 
rate constants are experimentally derived and combined with a model approach. 
In Figure 1a, the increase of t½ with increasing l (and d as a consequence) is due to the fact 
that photochemical processes are most effective in shallow water bodies. Indeed, the bottom layers 
of a deep water body are poorly illuminated by sunlight. The t½ increase with increasing DOC is 
due to the inhibition of direct photolysis, which is by far the main CXD phototransformation 
pathway (vide infra). In fact, high DOC also means high CDOM, which absorbs sunlight and 
competes with CXD for irradiance, slowing down the direct photolysis. High CDOM enhances 
degradation by 1O2 and 3CDOM* (reactions 1, 2, where ISC = inter-system crossing; Monadjemi et 
al., 2012), but these processes do not offset the photolysis inhibition. 
 
CDOM + hν → 1CDOM* →ISC  3CDOM*   (1) 
3CDOM* + O2 → CDOM +1O2      (2) 
 
Figure 1b reports the fraction of CXD transformation that is accounted for by direct photolysis, 
again as a function of l and DOC. It is shown that photolysis would be by far the main 
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photoinduced transformation process of CXD in surface waters. Indeed, the ≤ 2% fraction of 
transformation that is accounted for by 1O2 and 3CDOM* is much lower than the uncertainty 
associated with the model (vide infra). Whatever marginal, the relative importance of 1O2 would be 
approximately double compared to 3CDOM*. The (small) decrease of the direct photolysis fraction 
with increasing DOC is due to the increased importance of CXD degradation by 1O2 and 3CDOM*. 
The latter processes are triggered by irradiation of CDOM (reactions 1, 2), which absorbs visible 
radiation in addition to UV. In contrast, CXD only absorbs in the UV. Because visible light 
penetrates more deeply than UV in the water column, the relative importance of 1O2 and 3CDOM* 
increases and that of direct photolysis decreases with increasing d or l.  
The results reported in Figure 1 are valid for summertime conditions (15 July at mid latitude), 
but the half-life times of CXD would be higher in different seasons than summer. Figure 2 reports 
t½ at mid latitude, as a function of the month of the year (calculated with the APEX_season 
function) together with the associated errors (±σ, assessed with the APEX_errors function), for l = 5 
m and DOC = 5 mg C L−1. In the summer season t½ is around 11 days, but in December it is for 
instance 26 times higher than in June. Error bounds are around ±20% of the t½ value. Note that 
under the considered water chemistry conditions, reported in the caption to Figure 2, the 
summertime t½ for CXD is considerably higher than the estimates based on laboratory data (EFSA, 
2010). The difference between laboratory-based estimates and the APEX output is valid a fortiori 
for the winter season. 
The modified APEX code allowed the assessment of the second-order reaction rate constant 
between CXD and •OH ( OHCXDk •, ), which would be required for the reaction with •OH to be as 
important as the direct photolysis in CXD transformation (see Figure SM1 in SM). The required 
value of OHCXDk •, , as a function of either l and DOC or of nitrate and bicarbonate, is about one order 
of magnitude higher than the diffusive control limit in aqueous solution (Buxton et al., 1988). This 
means that •OH degradation cannot play a comparable role as the direct photolysis, and that the 
relative importance of •OH in CXD phototransformation would not be higher than 10%.  
 
Conclusions 
 
The photochemical transformation of CXD in surface waters would mainly take place by direct 
photolysis. The relative importance of 1O2 and 3CDOM* in CXD photodegradation (a few percent 
of the total transformation) is considerably lower than the uncertainty of the model estimates. The 
reaction with •OH would at most account for ∼10% of CXD transformation, if the relevant second-
order reaction rate constant is near the diffusion-control limit for aqueous solutions.  
In mid-latitude summertime, the photochemical half-life time of CXD would vary from less 
than one day to 1-2 months, depending on water chemistry and depth. Phototransformation would 
be enhanced in shallow and DOM-poor waters and inhibited under the opposite conditions. 
Furthermore, the kinetics of mid-latitude photochemical transformation in December would be 
about 26 times slower than in June. These results indicate that assessments based only on laboratory 
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irradiation experiments, which predict CXD photochemical lifetimes of less than one day, might 
lead to a large overestimation of CXD photodegradation rate constants in the environment. 
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Figure 1. (a) Trend of the CXD photochemical half-life time (units of Summer Sunny Days, SSD) 
as a function of dissolved organic carbon (DOC) and the path length l of sunlight in water.  
(b) Trend of the fraction of CXD degradation accounted for by direct photolysis, as a 
function of DOC and the path length l. 
Note that the water depth is d ≈ 0.83 l. Other (constant) water conditions are: 0.1 mM 
nitrate, 1 µM nitrite, 2 mM bicarbonate, 10 µM carbonate. 
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Figure 2. Trend of the CXD photochemical half-life time, as a function of the month of the year 
(mid-latitude conditions). Half-time units are days of the relevant month. Error bounds 
represent ±σ. Water conditions: 5 m path length, 5 mg C L−1 DOC, 0.1 mM nitrate, 1 µM 
nitrite, 2 mM bicarbonate, 10 µM carbonate. The structure of CXD is reported on the plot. 
 
 
